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Protein tyrosine phosphorylation is a major regulator of bone metabolism. Tyrosine phosphatases participate in regulat-
ing phosphorylation, but roles of specific phosphatases in bone metabolism are largely unknown. We demonstrate that
young (<12 weeks) female mice lacking tyrosine phosphatase epsilon (PTP�) exhibit increased trabecular bone mass due
to cell-specific defects in osteoclast function. These defects are manifested in vivo as reduced association of osteoclasts
with bone and as reduced serum concentration of C-terminal collagen telopeptides, specific products of osteoclast-
mediated bone degradation. Osteoclast-like cells are generated readily from PTP�-deficient bone-marrow precursors.
However, cultures of these cells contain few mature, polarized cells and perform poorly in bone resorption assays in vitro.
Podosomes, structures by which osteoclasts adhere to matrix, are disorganized and tend to form large clusters in these
cells, suggesting that lack of PTP� adversely affects podosomal arrangement in the final stages of osteoclast polarization.
The gender and age specificities of the bone phenotype suggest that it is modulated by hormonal status, despite normal
serum levels of estrogen and progesterone in affected mice. Stimulation of bone resorption by RANKL and, surprisingly,
Src activity and Pyk2 phosphorylation are normal in PTP�-deficient osteoclasts, indicating that loss of PTP� does not cause
widespread disruption of these signaling pathways. These results establish PTP� as a phosphatase required for optimal
structure, subcellular organization, and function of osteoclasts in vivo and in vitro.

INTRODUCTION

Reversible phosphorylation of tyrosine residues in proteins
is a central regulator of cellular functions and is a process
controlled by the opposing actions of protein tyrosine ki-
nases (PTKs) and tyrosine phosphatases (PTPs; Hunter,
1995). PTPs, which are molecularly, biochemically, and
physiologically distinct from PTKs, are intimately involved
in regulating the same processes although many details of
how this is achieved are still unknown (Li and Dixon, 2000;
Andersen et al., 2001b; Tonks and Neel, 2001).

The protein tyrosine phosphatase epsilon (PTP�) subfam-
ily contains four distinct proteins, all products of a single
gene. The two major forms of PTP� are the receptor-type
(RPTP�) and nonreceptor type (cyt-PTP�) isoforms (Krueger
et al., 1990; Elson and Leder, 1995a, 1995b; Nakamura et al.,
1996; Tanuma et al., 1999). Two other forms of PTP� are p67
and p65 PTP�; these are shorter molecules, whose produc-
tion is regulated at the levels of translation and posttransla-

tional processing (Gil-Henn et al., 2000, 2001). The four PTP�
forms differ only at their amino termini, resulting in their
unique subcellular localization patterns and distinct physi-
ological functions. RPTP� assists Neu-induced mouse mam-
mary tumor cells maintain their transformed phenotype,
most likely by dephosphorylating and activating Src in vivo
(Elson and Leder, 1995a; Elson, 1999; Gil-Henn and Elson,
2003). The same form of PTP� can also downregulate insulin
receptor signaling in cultured cells (Moller et al., 1995;
Andersen et al., 2001a). cyt-PTP� dephosphorylates and
downregulates delayed-rectifier voltage-gated potassium
channels in Schwann cells, correlating with delayed myeli-
nation of sciatic nerve axons in young PTP�-deficient mice
(Peretz et al., 2000). In some systems PTP� can downregulate
mitogenic signaling, as exemplified by its inhibition of MAP
kinase activity (Wabakken et al., 2002; Toledano-Katchalski
et al., 2003) and inhibition of JAK-STAT signaling in M1
leukemia cells (Tanuma et al., 2000, 2001, 2003). PTP� has
also been shown to be important for proper function of
macrophages (Sully et al., 2001).

Tyrosine phosphorylation plays a major role in regulating
bone structure and metabolism, suggesting that dysregula-
tion of kinase-phosphatase equilibria may result in abnor-
malities in this organ system. Accordingly, mice genetically
lacking Src or in which Src is inhibited pharmacologically
are osteopetrotic due to severely reduced function of oste-
oclasts, the cells that degrade bone (Soriano et al., 1991;
Boyce et al., 1992; Horne et al., 1992; Lowe et al., 1993;
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Missbach et al., 1999; Violette et al., 2000, 2001). Aberrant
tyrosine phosphorylation can also be caused by changes in
PTP activity, although little data to this effect is available in
bone. Inhibition of the receptor-type phosphatase PTP-OC
in cultured rabbit osteoclasts reduces their resorption activ-
ity (Wu et al., 1996; Suhr et al., 2001), whereas inhibition of
OST-PTP abrogates differentiation of cultured osteoblasts
(Mauro et al., 1994, 1996; Chengalvala et al., 2001). In vivo
data concerning the bone-specific roles of PTPs in whole
animals is more limited. Mice lacking SHP-1 are osteopenic
because of increased osteoclast function (Aoki et al., 1999;
Umeda et al., 1999), indicating that this PTP is a negative
regulator of osteoclasts in vivo. To date no PTP has been
shown to be a positive regulator of osteoclast activity in
vivo. Better characterization of PTP function in bone can
improve our understanding of regulation of bone metabo-
lism in general and may suggest new therapeutic ap-
proaches to fight bone disease.

In this study we examine bone metabolism in mice genet-
ically lacking PTP�. We show that cyt-PTP� is strongly ex-
pressed in osteoclasts and that young female mice geneti-
cally lacking PTP� exhibit increased trabecular bone mass;
this phenotype is caused by reduced bone resorption by
osteoclasts, which function abnormally both in vitro and in
vivo. Reduced bone resorption is most readily detected
in young (�12 weeks) female mice but markedly less so in
adult female or in male mice, suggesting that lack of PTP�
may affect sex hormone–related signaling pathways in oste-
oclasts from affected mice. At the cellular level, cultures of
osteoclast-like cells from PTP�-deficient mice contain very
few mature, polarized cells. These cells also exhibit abnor-
malities in the structure and localization of podosomes, the
actin-rich adhesion structures that are necessary for proper
attachment of osteoclasts to matrix and associated signaling
and for subsequent bone resorption. Src activity, Pyk2 phos-
phorylation, and response to RANKL treatment are normal
in osteoclasts from female mice lacking PTP�, suggesting
these signaling pathways are not affected in a widespread
manner. These results establish that PTP� is required for
optimal structure and organization of podosomes in oste-
oclasts during cell polarization and for the optimal function
of these cells in vitro and in vivo.

MATERIALS AND METHODS

Antibodies
Antibodies used in this study included polyclonal anti-PTP� (Elson and
Leder, 1995a), monoclonal anti v-Src (Calbiochem, San Diego, CA), monoclo-
nal antivinculin (clone hVin-1, Sigma, St. Louis, MO), monoclonal anti �-ac-
tinin (clone BM-75.2, Sigma), and polyclonal anti-human Pyk2 and anti-pY402
Pyk2 antibodies (Cell Signaling Technology, Beverly, MA). Horseradish per-
oxidase-conjugated secondary antibodies for protein blotting were purchased
from Jackson ImmunoResearch Laboratories (West Grove, PA).

Mice
Gene-targeted mice lacking PTP� (Ptpre�/� mice, C57BL/6�129 genetic
background; Peretz et al., 2000) were handled in accordance with NRC reg-
ulations (NRC, 1996), Israeli law, and Weizmann Institute regulations. Num-
bers of mice used in each experiment are noted in the relevant figure and table
legends.

Histologic Preparation and Bone Histomorphometry
This technique was performed as described (Aoki et al., 1999). Briefly, tibiae
were fixed in 3.7% formaldehyde, dehydrated, and embedded in methyl
methacrylate resin. Sagittal sections (5 �m) were deplasticized and stained
with 1% toluidine blue/1% sodium borate (Sigma). Histomorphometric pa-
rameters (Parfitt et al., 1987) were measured in a 1.84 mm2 area of secondary
spongiosa starting 0.3 mm from the proximal growth plate, using the Os-
teomeasure analysis system (Osteometrics, Atlanta, GA).

Osteoblasts and Osteoclast-like Cells
Osteoblasts were isolated from calvariae of 1-d-old mice by sequential diges-
tions in 0.1% collagenase (Sigma)/0.2% dispase (Roche Applied Diagnostics,
Mannheim, Germany) in alpha-MEM (Sigma). Cells were grown in alpha-
MEM supplemented with 10% fetal calf serum (Life Technologies-Life Sci-
ences, Rockville, MD), 4 mM glutamine, 50 U/ml penicillin G, and 50 �g/ml
streptomycin. For preparation of osteoclast-like cells (OCLs), 30–40 � 106

bone marrow cells were seeded per 9-cm culture dish previously seeded with
1–1.5 � 106 osteoblasts per dish. Cells were grown in alpha-MEM medium
supplemented as above containing 10�8M 1,25-dihydroxy vitamin D3 (Sigma)
and 10�6M prostaglandin E2 (Sigma). Medium was changed every 2 d. After
6–8 d osteoblasts were removed by gentle flushing with medium, leaving the
more adherent OCLs behind. OCLs were stained for tartarate-resistant acid
phosphatase (TRAP) using a leukocyte acid phosphatase kit (Sigma). OCL
nuclei were made visible by addition of 0.05% Hoechst 33342 to growth
medium. WT and Ptpre�/� samples were always processed together.

Pit Resorption Assay
This assay was performed as described (Miyazaki et al., 2003). Briefly, osteo-
blasts and bone marrow cells were cocultured in plates coated with rat tail
collagen matrix (Roche Applied Diagnostics). Six days later collagen was
removed by gentle digestion with 0.1% collagenase, and cells were seeded
onto sterile dentine slices in 96-well plates. Twenty-four hours later slices
were removed, immersed in 0.03N NaOCl for 5 min, sonicated for 10 s,
stained for 4 min with 1% toluidine blue/1% sodium borate (Sigma), and
briefly washed in water. Some pit assays were performed for 48 h in the
presence of 100 ng/ml RANK ligand (Peprotech, Rocky Hill, NJ). Pit area was
quantified with the Osteomeasure analysis system and was normalized to the
number of osteoclasts actually present in each sample, determined by count-
ing OCLs present in an aliquot of each coculture grown separately.

Immunofluorescence Microscopy and Image Analysis
Coculture of bone marrow and osteoblasts was performed on glass coverslips
in 24-well plates. After differentiation and removal of osteoblasts by digestion
in 0.1% collagenase/0.2% dispase, OCLs were permeabilized and fixed in 3%
paraformaldehyde � 0.5% Triton X-100 in PBS for 2 min and then further
fixed for 30 min in 3% paraformaldehyde in PBS. Fixed cells were washed
three times for 5 min each in PBS and stained with primary antibody for 40
min. After washing in PBS three times, for 5 min, cells were labeled with the
secondary antibody or with FITC-conjugated phalloidin (Sigma) for 40 min,
and washed three times for 5 min in PBS. WT and Ptpre�/� samples were
always processed together. Immunofluorescence microscopy was carried out
with the DeltaVision system (Applied Precision Inc., Issaquah, WA) on an
Axiovert 125 TV inverted microscope (Zeiss, Oberkochen, Germany). Image
acquisition and processing were controlled by a Silicon Graphics workstation
model O2 (Mountain View, CA) using the Resolve3D and Priism software
packages (Applied Precision Inc.).

Fluorescence images were high pass filtered, and filtered images were used
to produce pixel-by-pixel ratios as previously described (Zamir et al., 1999).
Images were arranged for publication using Adobe Photoshop v5.0.2ME
(Adobe Systems Inc., San Jose, CA).

Cell Lysis, Protein Blotting, and Src Assays
Osteoblasts or OCLs (following removal of osteoblasts) were lysed in Buffer A
(50 mM Tris-Cl, pH 7.5; 100 mM NaCl; 1% NP-40), containing 0.5 mM sodium
pervanadate and protease inhibitors (1 mM AEBSF, 40 �M bestatin, 15 �M
E-64, 20 �M leupeptin, 15 �M pepstatin; Sigma). SDS-PAGE and protein
blotting was done as described (Gil-Henn et al., 2001), except for Pyk2 and
pY402 Pyk antibodies, where blotting was performed as per manufacturer’s
instructions (Cell Signaling Technology). Src was precipitated from 1 mg OCL
lysates using anti–v-Src antibodies. Activity was measured in 25 �l kinase
buffer (20 mM MOPS, pH 7.0, 5 mM MgCl2), to which beads containing
precipitated Src, 1 �l (�5 �Ci) of [�-32P]ATP (3000 Ci/mmol, 10 mCi/ml,
Amersham, Piscataway, NJ), and 5 �g acid-denatured enolase (Sigma) were
added. Tubes were incubated at 30°C for 20 min, during which Src activity
was linear with time. Samples were then electrophoresed and blotted onto
membranes. Radioactivity present in enolase was quantified with a phospho-
rimager (BAS 2500, Fuji, Tokyo, Japan). The same blots were then probed with
anti-Src antibodies and scanned with a scanning densitometer; Src activity
was normalized to the amount of Src present in the immune-precipitates.

Determination of Serum Collagen Telopeptide, Estrogen,
and Progesterone
Serum was prepared from blood collected by retro-orbital bleeding. Concen-
trations of C-telopeptide degradation products of type-I collagen in serum of
6–8-week-old mice were determined using the RatLaps ELISA system (Os-
teometer BioTech A/S, Herlev, Denmark). Serum estrogen and progesterone
were determined using the Third Generation Estradiol and Progesterone
radioimmunoassay kits, respectively (Diagnostic Systems Laboratories, Inc.,
Webster, TX). Serum for these hormone determinations was collected from
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4-week-old female mice weaned 1 week previously and from 12-week-old
female mice.

RESULTS

Osteoclasts Express High Levels of the Nonreceptor Form
of PTP�

The connection between PTP� and Src activation and be-
tween Src activity and bone structure prompted us to exam-
ine bone homeostasis in mice genetically lacking PTP�. Ex-
pression of PTP� protein was examined in calvarial
osteoblasts and in OCLs, which were produced using the
bone-marrow/osteoblast coculture technique and purified
by removal of osteoblasts before analysis. Osteoblasts and
OCLs were derived from wild-type mice and from mice
genetically lacking PTP� (Ptpre�/� mice), which lack all

four known forms of PTP� protein (Peretz et al., 2000). Blot-
ting experiments indicated that the nonreceptor form of
PTP� (cyt-PTP�; Elson and Leder, 1995b, Nakamura et al.,
1996) appears to be strongly expressed in OCLs of wild-type,
but not in Ptpre�/� OCLs (Figure 1). In contrast, very weak
expression of cyt-PTP� was detected in osteoblasts. OCLs
from WT mice expressed similar levels of cyt-PTP� protein
in a manner independent on mouse age (5–8 vs. 20–24
weeks) or gender (unpublished results). In contrast with
PTP�, the closely related RPTP� was detected in OCLs and
at higher levels in osteoblasts. Expression of RPTP� was not
increased in Ptpre�/� cells to compensate for loss of PTP�
(Figure 1). The protein expression patterns of both PTPs
agree with those determined by mRNA analysis (Schmidt et
al., 1996), although we show here that the form of PTP�
protein expressed in OCLs appears to be the nonreceptor
form of the phosphatase. This finding agrees with detection
of cyt-PTP� mRNA and protein in spleen, lymph nodes,
macrophages, and in hematopoietic cells induced to differ-
entiate along the monocyte-macrophage pathway, from
which osteoclasts are derived (Elson and Leder, 1995b;
Tanuma et al., 1999; Sully et al., 2001).

Young Female Ptpre�/� Mice Display Increased Bone
Mass Due to Impaired Osteoclast Function
To determine whether lack of PTP� is associated with ab-
normal bone structure in vivo, we performed histomorpho-
metric analyses on tibiae of WT and Ptpre�/� mice. Analy-
ses included male and female mice, aged 2 weeks, 7 weeks,
and 3 months. As shown in Table 1, in which data from mice
aged 7 weeks is presented, trabecular bone volume was
increased by 109% and the number of trabeculae was in-
creased by 68% in Ptpre�/� female mice. Strong tendencies,
on the verge of statistical significance, were also noted in
trabecular thickness (28% increase) and trabecular separa-
tion (38% decrease). A slight (5.6%) but statistically signifi-
cant (p � 0.025) increase in Ptpre�/� tibial length was also
noted (unpublished results). Increases in trabecular number
were also detected by direct histological staining of bone
samples (Figure 2A). Trabecular bone volume is then in-
creased in Ptpre�/� female mice, but not in age-matched
male mice. Similar results were obtained when samples

Figure 1. cyt-PTP� is expressed in osteoclasts. Top: Blots of protein
lysates from in vitro–differentiated osteoclasts of 6-week-old mice
and from calvarial osteoblasts were probed with anti-PTP� antibod-
ies. Note high expression of cyt-PTP� in WT, but not Ptpre�/�,
osteoclasts and very low expression in osteoblasts. Bottom: strong
overexposure of bottom portion of osteoblast blot; arrow marks
cyt-PTP�, asterisks mark non-PTP� bands. Antibody used cross-
reacts also with RPTP� (Elson and Leder, 1995a); identity of indi-
cated band was confirmed separately by blotting with a second,
RPTP�-specific antibody. RPTP� is easily detected in osteoclasts,
but is more strongly expressed in osteoblasts.

Table 1. Histomorphometric analyses of the cancellous region of the tibial metaphysis of 7 week-old female and male micea

Bone mass Bone formation Bone degradation

BV/TV
(%)

Tb.Th
(�m)

Tb.N
(/mm)

Tb.Sp
(mm)

OV/TV
(%)

Ob.S/BS
(%) MAR

N.Oc/BS
(/mm)

Oc.S/BS
(%)

Females
KO 6.92 � 1.02 20.27 � 1.76 3.38 � 0.32 298.3 � 43.8 8.59 � 1.64 34.68 � 2.36 1.19 � 0.08 1.09 � 0.25 3.77 � 0.90
WT 3.31 � 0.44 15.85 � 0.95 2.01 � 0.20 478.3 � 83.5 6.59 � 1.77 25.96 � 6.21 1.24 � 0.10 3.45 � 0.63 9.44 � 1.74

p value 0.01 (�109%)b 0.06 (�28%) 0.01 (�68%)b 0.07 (�38%) N N N �0.001 (�69%)b 0.01 (�60%)b

Males
KO 5.84 � 1.23 18.30 � 1.62 3.01 � 0.33 331 � 31.8 2.41 � 0.50 20.30 � 8.29 1.10 � 0.07 2.40 � 0.53 7.04 � 1.75
WT 5.80 � 1.13 17.31 � 1.00 3.37 � 0.63 362.3 � 92.7 4.24 � 1.33 16.48 � 2.73 1.05 � 0.06 1.71 � 0.34 4.80 � 0.92

p value N N N N N N N N N

a Parameters analyzed are as follows: trabecular bone volume (% of bone volume) (BV/TV); trabecular thickness (Tb.Th); trabecular number
(Tb.N); trabecular spacing (Tb.Sp); osteoid volume (% of bone volume) (OV/TV); osteoblast surface (% of bone surface) (Ob.S/BS); mineral
apposition rate (MAR); number of bone-adherent osteoclasts per unit of bone surface (N.Oc/BS); osteoclast surface (% of bone surface)
(Oc.S/BS). Data (mean � SE) are from n � 5–6 mice for each genotype and gender. Unpaired, two-tailed p values are by Student’s t-test or
the Mann-Whitney test; Qualitatively similar results were obtained in analyses of similar numbers of 2-week-old female and male mice; no
differences were observed when similar numbers of 3-month-old mice, males and females, were analyzed (unpublished data).
b Statistically significant data.
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from similar numbers of male and female mice of both
genotypes aged 2 weeks were analyzed (unpublished re-
sults). Differences in bone volume were not detected in mice
of either gender at 3 months of age (unpublished results),
indicating that the bone phenotype of young female mice is
abrogated at a time roughly coinciding with these mice
reaching full sexual maturity. No changes in bone structure

were revealed upon examination of calvarial membranous
bones of 2-week-old Ptpre�/� mice, which expressed the
trabecular bone phenotype.

Histomorphometric analyses also indicated that young
female Ptpre�/� mice synthesize bone normally, but have
significant defects in bone resorption. Bone formation pa-
rameters, such as osteoid volume, osteoblast surface, and
mineral apposition rate were not changed in Ptpre�/� mice
(Table 1). In contrast, Ptpre�/� female mice exhibited a 69%
reduction in the number of osteoclasts in contact with bone
and a corresponding 60% reduction in bone surface in con-
tact with osteoclasts (Table 1). It should be noted that a
normal number of osteoclasts was detected in samples from
Ptpre�/� female mice. However, a large fraction of these
cells were not in contact with bone (shown qualitatively in
Figure 2B), possibly indicating difficulties in adhesion of
Ptpre�/� osteoclasts to bone matrix in vivo. This abnormal-
ity was observed only in young Ptpre�/� female mice and
coincided with increased bone volume determined by his-
tomorphometry in these mice (Table 1). In all, these data
indicate that the defect in bone degradation is due to abnor-
mal functioning of osteoclasts rather than to a reduction in
their numbers. Osteoblasts appear not to be affected in Pt-
pre�/� mice, in agreement with the very low levels of
cyt-PTP� expression in these cells.

Further support for an osteoclast-related defect in young
Ptpre�/� female mice was obtained when serum levels of
C-terminal collagen telopeptide, a specific product of bone
degradation by osteoclasts in vivo, were determined. Female
Ptpre�/� mice aged 6 weeks exhibited a 44% reduction in
serum collagen telopeptide concentrations (Figure 3). In con-
trast, collagen telopeptide concentrations in age-matched
Ptpre�/� male mice and in older Ptpre�/� female mice,
which were normal by histomorphometric analysis, were
similar to those of matched wild-type control mice (Figure 3
and unpublished results).

PTP�-deficient Osteoclasts Are Inherently Defective
Results presented thus far indicate that Ptpre�/� mice suffer
from a defect in osteoclast function. To examine whether
Ptpre�/� osteoclasts are inherently defective, we examined
the formation and function of OCLs in vitro. This study used
the bone marrow/osteoblast coculture system, in which

Figure 2. Histologic examination of Ptpre�/� tibiae and oste-
oclasts. (A) Cross section of tibiae from 7-week-old wild-type (WT)
and Ptpre�/� (KO) female mice stained according to the method of
von Kossa. Yellow lines highlight more prominent trabecular bone
(black, within the red counterstain) in Ptpre�/� sample. (B) Unat-
tached osteoclasts in Ptpre�/� bone. Shown are histological analy-
ses of bone samples from 7-week-old wild-type and Ptpre�/� mice
stained for tartarate-resistant acid phosphatase (TRAP) activity
(red-purple, a marker of osteoclasts) and counterstained with tolu-
idine blue (blue). OCLs (attached to bone in WT samples, unat-
tached in KO samples) are indicated by arrows; bone matrix is
indicated by a lowercase b on black background. (C) Multinucleated
PTP�-deficient osteoclast-like cell (OCL; light microscopy, gray)
stained with Hoechst 33342 to highlight nuclei (blue). Original
magnification, �100. (D) PTP�-deficient OCL, stained for TRAP
(red). Light microscopy, original magnification, �20. Data in C and
D were obtained from 7-week-old mice; similar data were obtained
from OCLs of wild-type mice.

Figure 3. Serum collagen telopeptide concentrations are reduced
in young Ptpre�/� female mice. Collagen telopeptide concentra-
tions (mean � SE) were determined in serum by radioimmunoassay
in female mice, aged 6 weeks and 3 months. **p � 0.03 by Student’s
t test. n � 5 mice per genotype and age group. Experiment is
representative of three performed, for a total of 15 mice per geno-
type and age group. Note the normal reduction in telopeptide
concentrations as mice age.
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bone marrow cells are cocultured with calvarial osteoblasts
allowing marrow-derived osteoclast precursor cells to dif-
ferentiate into OCLs. Osteoblasts of either genotype induced
bone marrow differentiation to similar extents, and bone
marrow cells from either genotype produced similar
amounts of OCLs (unpublished results). Ptpre�/�and WT
OCLs exhibited features typical of osteoclasts in general
such as large size, flat morphology, multinucleation, and
intense staining for TRAP (Figure 2, C and D). Cultures of
WT and or Ptpre�/� OCLs appeared generally similar when
examined by light microscopy. However, more detailed ex-
amination by immunofluorescence microscopy revealed dis-
ruptions in the actin-rich podosome array at periphery of
Ptpre�/� OCLs, as is described further below.

To determine whether Ptpre�/� OCLs were functional,
OCLs produced in vitro were seeded onto dentine slices and
allowed to excavate pits in the dentine matrix. Twenty-four
hours later the cells were removed and the pits were stained
and quantified. As seen in Figure 4A, the area of pits exca-
vated by Ptpre�/� OCLs prepared from young (7–8 weeks
old) female mice was significantly reduced when compared
with WT OCLs. Ptpre�/� OCLs from age-matched male
mice exhibited a reproducible trend for reduced pit area, but
this did not reach statistical significance. Pits formed by
Ptpre�/� OCLs from young female mice were also strik-
ingly shallower, as indicated by the extent of their staining
(Figure 4B). A slight, although not significant, trend for
reduced resorption was detected in OCLs from older (15
weeks old) Ptpre�/� female mice (Figure 4C). These data
indicate that OCLs derived from mice that exhibit a more
severe bone phenotype in vivo are those that function least
well in bone resorption assays in vitro under controlled and
identical conditions, indicating that these cells are inherently
defective.

Disrupted Organization of Podosomes in Ptpre�/� OCLs
To better understand the causes of reduced bone resorption
in vitro by Ptpre�/� OCLs we examined the structural
organization of these cells. Although populations of WT and
Ptpre�/� OCLs appeared quite similar when examined by
light microscopy, immunostaining revealed striking differ-
ences between OCLs of both genotypes. In particular, ab-
normalities were observed in Ptpre�/� OCLs in the organi-
zation of podosomes, the actin-rich multiprotein adhesion
structures that form a ring-like array in the sealing zone, at
the periphery of mature, polarized osteoclasts (Marchisio et
al., 1984, 1987; Tarone et al., 1985; Nermut et al., 1991; re-
viewed in Linder and Aepfelbacher, 2003). Staining OCLs
for the podosomal proteins actin or �-actinin revealed sev-
eral levels of organization of podosomes in these cells,
which reflect the various states of polarization found in the
OCL population (Figure 5A). Accordingly, 42.5 � 2.6%
(mean � SE) of WT OCLs contained podosomes that were
all distributed in an apparently random manner, indicating
that these cells were not polarized. In 35.5 � 2.6% of cells
podosomes were evenly distributed in a circular array at the
cell periphery, as is seen in fully mature, polarized OCLs. In
the remaining 22 � 2.0% of WT OCLs podosomes were
found in intermediate levels of arrangement (Figure 5A). In
stark contrast, the Ptpre�/� OCL population exhibited sig-
nificantly more cells with random arrangement of podo-
somes (69.3 � 3.5%) and a 10-fold drop (to 3.2 � 1.4%) in
polarized cells that displayed a full podosomal array at the
cell periphery. OCLs displaying intermediate levels of po-
dosome organization were as prevalent in Ptpre�/� samples
(27.5 � 3.2%) as they were in WT samples (Figure 5A).

Further close examination revealed qualitative differences
between the appearance of actin arrays in WT vs. Ptpre�/�
OCLs. The podosome arrays at the periphery of polarized
WT OCLs contained individual, evenly distributed podo-
somes that were surrounded by a diffuse actin “cloud”
(Figure 5, B, D, and F; Destaing et al., 2003). In contrast,
significant irregularities were observed even in the rare Pt-
pre�/� OCLs that displayed what appeared at low magni-
fication to be fully formed podosomal arrays at the cell
periphery (e.g., Figure 5C). Actin arrays in such cells con-
tained many large clusters of podosomes next to array
regions that contained no clusters and few individual podo-
somes (Figures 5, E, G, and H). Many of these podosome-
poor regions also contained actin structures of ill-defined
morphology (Figure 5, E and H); the diffuse actin cloud that
normally surrounds individual podosomes in WT OCLs was
not detected. Interestingly, the above differences were lim-
ited to podosome arrays at the periphery of OCLs. No
differences were detected between nonpolarized WT and
Ptpre�/� OCLs, and cells from both genotypes contained
individual podosomes arranged in an apparently random
manner. In partially polarized OCLs, which contained po-
dosome arrays as well as regions of podosomes arranged at
random, differences between the genotypes were limited to
the podosome arrays (unpublished results).

Disorganization of the podosome arrays was evident also
when the distribution of other podosome-associated struc-
tural proteins was examined. For example, vinculin, which
is located in the protein ring that surrounds the actin core of
podosomes (Linder and Aepfelbacher, 2003), was detected
around the individual evenly spaced actin-rich podosome
cores of WT OCLs (Figures 6, C and G). In contrast, the
uneven distribution of podosome cores in Ptpre�/� OCLs
created large regions of strong contiguous actin staining,
some devoid of vinculin and others surrounded by abnor-
mally shaped vinculin rings (Figure 6, F and H). In addition,
actin cores not surrounded by vinculin rings were often
observed in Ptpre�/� OCLs at the sealing zone, as were
uneven protrusions of vinculin from the podosome array
region toward the cell periphery (Figures 6, F and I). To-
gether, these findings suggest that lack of PTP� adversely
affects the structure of individual podosomes, the organiza-
tion of podosome arrays within OCLs, and the amount of
polarized OCLs, in correlation with the reduced abilities of
these cells to resorb bone in vitro.

Total Src Activity and Pyk2 Phosphorylation Are Not
Affected in Ptpre�/� OCLs
Mice lacking Src are osteopetrotic because of reduced oste-
oclast function. Because PTP� activates Src in fibroblasts and
absence of PTP� reduces Src activity in mammary tumor
cells (Gil-Henn and Elson, 2003), we asked whether the
Ptpre�/� bone phenotype was associated with reduced Src
activity in OCLs. Measurements performed in lysates of
OCLs revealed similar levels of Src kinase activity in OCLs
of Ptpre�/� and WT mice of either gender or age (Figure
7A), arguing against the Ptpre�/� bone phenotype being
mediated by widespread changes in Src activity. Phosphor-
ylation of Pyk2 at Y402, an autophosphorylation site that
enables Pyk2 to associate with Src (Duong et al., 1998; Sanjay
et al., 2001; Lakkakorpi et al., 2003), was also unchanged in
OCL lysates (Figure 7B). We conclude that lack of cyt-PTP�
does not cause widespread dysregulation of these signaling
pathways, although this does not entirely preclude existence
of more limited and localized changes in these pathways.
Interestingly, resorption by OCLs from young or older fe-
males of both genotypes was increased in the presence of
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RANK ligand (RANKL; Figure 4C), a strong stimulator of
OCL activity. This indicates that this major signaling path-
way is functional in Ptpre�/� OCLs, and agrees with normal
production of Ptpre�/� OCLs, in which RANKL signaling is
important.

Detection of the above phenotype in young female mice
and its disappearance as mice reach full sexual maturity
suggests that other factors, perhaps concentrations of sys-
temic hormones, influence the phenotype as well. Measure-
ments of estrogen, a key hormone that regulates bone mass,
in sera of 4-week-old female mice revealed similar levels in
WT and in Ptpre�/� mice (values presented as mean � SE:
WT: 16.46 � 1.00 pg/ml, n � 13; Ptpre�/�: 15.22 � 0.48
pg/ml, n � 16; p � 0.249 by Student’s t test). Estrogen levels
in sera of 12-week-old female WT and Ptpre�/� mice were
similar as well. Serum levels of another major sex hormone,
progesterone, were also similar in 4-week-old WT and Pt-
pre�/� females (mean � SE: WT: 0.99 � 0.15 ng/ml, n � 15;
Ptpre�/�: 0.91 � 0.11 ng/ml, n � 16; p � 0.672 by Student’s
t test). Concentrations of testosterone, which is also known
to impact OCL function, in sera of male Ptpre�/� and WT
mice were also similar; levels of this hormone were below
detection in sera of female mice (unpublished results). We
conclude that altered concentrations of these hormones are
not the cause of the bone phenotype found in young female
Ptpre�/� mice.

DISCUSSION

This study demonstrates that lack of PTP� can lead to a gain
in bone mass, which is due to reduced function of oste-
oclasts. Several experimental results converge to support
this conclusion. These include detection of increased trabec-
ular bone volume in Ptpre�/� mice by several independent
histomorphometric parameters and by histologic examina-
tion, reduced serum concentrations of collagen degradation
fragments, which are osteoclast-specific products of bone
resorption in vivo, and poor function of Ptpre�/� OCLs in
in vitro functional assays. We conclude that the normal
physiological role of PTP� in osteoclasts is to support the
bone-resorbing activity of these cells in vivo. Because oste-
oclasts and macrophages are products of the same hemato-
poietic developmental pathway, this conclusion is consistent
also with existence of functional abnormalities in PTP�-
deficient macrophages (Sully et al., 2001). Of note, the bone
phenotype of Ptpre�/� female mice is less severe than, for
example, Src-deficient mice, indicating that the Ptpre�/�
osteoclast population is partially functional despite lack of
PTP�.

Abnormalities in podosome organization in Ptpre�/�
OCLs that have been described here allow us to further
refine our understanding of the role cyt-PTP� fulfills in
osteoclasts. Osteoclasts alternate between periods of resorp-
tion, when they adhere tightly to matrix, and migration,
when tight association with the matrix must be relaxed.
Organization of podosomes, the primary cellular structure
by which osteoclasts adhere to matrix (Marchisio et al., 1984,
1987; Tarone et al., 1985; Zambonin-Zallone, 1988; Nermut et
al., 1991), is therefore critical in this respect. Podosomal
arrays at the cell periphery are found in actively resorbing,
polarized osteoclasts, whereas podosomes in migrating os-
teoclasts are less ordered (Lakkakorpi and Vaananen, 1991).
In agreement with the changing nature of cell-matrix adhe-
sion in osteoclasts and with its regulation by extracellular
signals (Sanjay et al., 2001), podosomes are very dynamic
structures and their major protein components undergo
turnover within minutes (Stickel and Wang, 1987; Chen,

Figure 4. Reduced bone-resorbing activity of OCLs from young
female mice lacking PTP�. in vitro–differentiated OCLs of WT or
Ptpre�/� (KO) mice, males and females aged 8 weeks (n � 3 per
genotype and gender), were seeded onto dentine slices and incu-
bated for 24 h. Cells were then removed, and pits were stained with
toluidine blue. (A) Area of pits excavated by OCLs, normalized to
total number of OCLs present, as a fraction of total dentine surface
area. Data (mean � SE) are from three experiments. **p � 0.0059 by
the Mann-Whitney test. (B) Light microscopy images of pits exca-
vated by WT or Ptpre�/� OCLs from female (top) and male (bot-
tom) mice in one of the experiments summarized in A. OCLs from
Ptpre�/� female mice excavate pits of smaller area (A) as well as of
significantly reduced depth (reduced staining in B). (C) Pit resorp-
tion assay performed in young (7 weeks) vs. older (15 weeks) female
mice, in the absence or presence of 100 ng/ml RANKL. Shown is
area of pits excavated, normalized to number of OCLs present, as a
fraction of total dentine surface area. n � 3 for each sample; *p �
0.05 by Student’s t test, vs. WT of same age. Note that OCLs from
older female Ptpre�/� mice resorb dentine normally and that OCLs
from young or older Ptpre�/� mice respond to RANKL treatment.
Bone resorption was allowed to proceed for 48 h (vs. 24 h in A).
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1989; Destaing et al., 2003; Evans et al., 2003). Abnormalities
in podosomal organization would then be expected to affect
migration, adhesion, and bone resorption by OCLs. It is
therefore tempting to speculate that functional abnormali-
ties in Ptpre�/� osteoclasts, manifested as nonadherent os-
teoclasts in vivo and reduced bone resorption by osteoclasts

in vivo and by OCLs in vitro, result from podosome disor-
ganization.

Interestingly, podosome disorganization in Ptpre�/�
OCLs affected podosomal arrays, which are characteristic of
osteoclasts that are able to resorb bone or that are preparing
to do so. cyt-PTP� then appears to be required when podo-

Figure 5. Disorganization of podosomes in
Ptpre�/� OCLs. (A) OCLs from 4-week-old
WT and Ptpre�/� female mice were stained
for �-actinin to reveal podosome organiza-
tion. Cells in independent fields were classi-
fied as nonpolarized (NP, podosomes spread
throughout cell randomly), partially polar-
ized (PP, podosomes in part of the cell ar-
ranged in an array or array-like manner), or
fully polarized (FP, podosomes arranged in
an array at the cell periphery). Histogram
shows percentage of cells in each morpholog-
ical class in both genotypes and summarizes
data from a total of 213 WT OCLs (31 fields)
and 224 Ptpre�/� OCLS (29 fields) examined
in two independent experiments. **p �
0.0001 by the Mann-Whitney test. Qualita-
tively similar results were obtained when
cells were stained for actin. (B–H) Disorgani-
zation of podosomes in Ptpre�/� OCLs. WT
and a Ptpre�/� OCLs were stained for actin
and are shown at �40 (B and C) and at �100
(D and E) magnification. Higher power mag-
nifications of regions marked by rectangles in
D and E are shown in F–H. Note individual
podosomes on the background of the actin
“cloud” in the WT cell (F). In contrast, Pt-
pre�/� OCLs contain regions of few individ-
ual podosomes (arrows, G) and regions con-
taining ill-defined actin-rich structures
(arrowheads, G). Same cell also contains clus-
ters of podosomes (arrows, H). Bars, (D and E)
10 �m; (F–H) 5 �m.
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somes are arranged into the peripheral array during the
process of polarization in preparation for bone resorption.
Interactions between individual podosomes have been sug-
gested to exist, with podosomes being formed in the vicinity
of previously existing podosome groups (Destaing et al.,
2003). Podosomes have also been suggested to undergo
cycles of fusion and fission, and large aggregates, termed
podosome cluster precursors (PCPs), that can fragment into
individual podosomes have recently been described in mac-
rophages (Evans et al., 2003). Detection of large clusters of
actin-rich structures within the peripheral array of Ptpre�/�
OCLs (Figure 5) may suggest that cyt-PTP� is required to
maintain proper balance between large podosomal clusters
vs. individual podosomes.

The transient nature of the bone phenotype is intriguing.
In particular, disappearance of the bone phenotype in fe-
male Ptpre�/� mice at an age that roughly coincides with
their reaching full sexual maturity and absence of a signifi-
cant bone phenotype in male Ptpre�/� mice suggest that the
intrinsic defect in Ptpre�/� osteoclasts is modulated by
systemic effects of sex hormones. These effects could be
mediated by alterations in levels of specific hormones in
Ptpre�/� female mice or by aberrant responses of osteoclast
precursors in these mice to normal hormone levels. Our data
do not support the first possibility because serum levels of
the major sex hormones estrogen and progesterone in
younger and in older Ptpre�/� mice are similar to those
measured in WT controls. On the other hand, significant

Figure 6. Vinculin is disorganized in Ptpre�/� podosomes. Double immunostaining for actin (A and D, WT and Ptpre�/�, respectively) and
vinculin (B and E). (C and F) A combination of actin and vinculin fluorescence. WT (G) and Ptpre�/� (H and I) show higher-powered
magnifications of areas within rectangles in C and F. Colors in C, F, G, H, and I represent the ratio between actin and vinculin staining
intensities (Zamir et al., 1999), according to the scale to the right of I; warmer colors indicate more actin relative to vinculin. Note individual
actin cores surrounded by vinculin in WT samples (G) vs. multiple clustered podosome cores that contain little or no vinculin in Ptpre�/�
OCLs (H). Ptpre�/� OCLs contain concentrations of vinculin that extend distally without accompanying actin (arrows in F). Also seen in
Ptpre�/� OCLs are actin cores of podosomes devoid of surrounding vinculin (top arrows in I; compare with lower arrows in same panel,
which show cores surrounded by minute “rosettes” of vinculin). Note that size of actin cores in this region is comparable to WT podosome
cores. Cell shown in D–F, H, and I is among the best-organized Ptpre�/� OCLs. Bars, (A and D) 10 �m; (G–I) 5 �m.
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support for an osteoclast-specific defect in Ptpre�/� mice
comes from the finding that bone resorption in vitro is
abnormal in OCLs of young Ptpre�/� female mice, but
appears normal in OCLs from male or older female mice
(Figure 4). This result is significant because OCLs were
grown and assayed in these experiments under defined and
identical conditions for all samples. Detection of abnormal-
ities only in OCLs from young female Ptpre�/� mice then
indicates that these cells are inherently abnormal. One can
then speculate that as female mice mature, changing levels
of estrogen or of other hormones may induce compensatory
mechanisms in OCL precursors, which abrogate the bone
phenotype of Ptpre�/� female mice. Because cyt-PTP� pro-
tein levels are not changed in OCLs from mature mice,
examples of such mechanisms may include induction of
another PTP that can perform the functions of PTP� or
reduced need for these functions. Of note, protein levels of
the highly related RPTP� are not changed in OCLs as mice
mature (unpublished results). This proposed mechanism
could account for the gender- and age-specific aspects of the
Ptpre�/� bone phenotype, although its molecular basis is
complex and requires further study.

The response of Ptpre�/� OCLs to RANK ligand, a strong
stimulator of bone resorption activity, is normal. This major
signaling pathway is then functional despite loss of PTP�,
consistent with normal production of Ptpre�/� osteoclasts
in which RANKL signaling plays an important role. Total
Src activity and phosphorylation of Y402 in Pyk2, a site
required for Src-Pyk2 interactions during activation of inte-
grin signaling in osteoclasts (Sanjay et al., 2001), are also
normal in lysates of OCLs from Ptpre�/� mice, despite the
ability of cyt-PTP� to activate Src in several cell types (Gil-
Henn and Elson, 2003). These results indicate that the Pt-
pre�/� bone phenotype is not due to widespread disruption
of these signaling pathways. It should be noted that the bone
phenotypes of Ptpre�/� and Src-deficient mice are not iden-
tical. This is shown, for example, by the stronger osteope-
trotic phenotype of Src-deficient mice and by the relative
ease with which OCLs can be cultured from bone marrow
precursors of Ptpre�/� mice as compared with Src-deficient
mice. Interestingly, Src activity is not altered also in
Schwann cells from Ptpre�/� mice, a cell type that also
normally expresses cyt-PTP�. Ptpre�/� Schwann cells ex-
hibit aberrant phosphorylation and function of the integral

membrane Kv2.1 and Kv1.5 potassium channels, and their
myelinating abilities are transiently impaired (Peretz et al.,
2000). In contrast, absence of RPTP� from Neu-induced
mammary tumor cells reduces Src activity and is at least
partially responsible for the phenotype of these cells (Gil-
Henn and Elson, 2003). Although a fraction of cyt-PTP�
molecules are found at the cell membrane (Elson and Leder,
1995b; Gil-Henn et al., 2000), a basic distinction may then
exist between RPTP� and cyt-PTP�, with the former being
more able to act through Src in vivo or being less function-
ally redundant with other PTPs that also target Src. It is of
interest to note that OCLs express significant amounts of the
highly related receptor-type PTP� (Figure 1), which can also
dephosphorylate and activate Src (Zheng et al., 1992; Pon-
niah et al., 1999; Su et al., 1999). Presence of RPTP� may
therefore prevent changes in Src activity due to loss of the
fraction of cyt-PTP� normally found at the cell membrane.
Absence of cyt-PTP� from other regions of the cell may lead
to the OCL and bone phenotypes by disrupting signaling in
a localized manner. Examination of the bone phenotype of
RPTP�-deficient mice is therefore of interest.

Bisphosphonates, antiosteoporotic drugs that disrupt os-
teoclast function, are believed to function by inhibition of the
mevalonate pathway (Fisher et al., 1999, 2000; Rogers et al.,
2000). However, previous studies have shown that the
bisphosphonates alendronate and tiludronate inhibit the ac-
tivities of several PTPs, among them PTP�, by a mechanism
that may involve oxidation of their catalytic cysteine (Endo
et al., 1996; Schmidt et al., 1996; Murakami et al., 1997; Opas
et al., 1997; Skorey et al., 1997). This raises the possibility that
part of the antiosteoporotic function of these compounds
may be due nonetheless to their inhibition of PTPs. Exami-
nation of bone structure in mice lacking other PTPs may
help clarify this issue and provide additional information on
the roles of specific tyrosine phosphatases in regulation of
bone mass.
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